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The role of charm physics  

!   Charm is the only up-type quark allowing full range of probes for mixing and 
CP Violation: 
—  top quarks do not hadronize → no T0 - T0 oscillations 
—  no π0-π0 oscillations possible  (particle and anti-particle are identical) 

!   CPV predicted to be small within SM, since mixing and relevant amplitudes 
are described, to an excellent approximation, by the physics of the first two 
generations only. 
—  from CKM CPV ∼ Ο(VubVcb

*/VusVcs
*) ∼ 10-3 or less 

—  huge effort from theoreticians to keep under control QCD effects. 

!   Charm transitions are a unique portal (complementarity wrt B and K mesons) 
for obtaining a novel access to flavor dynamics  with the experimental 
situation being a priori favorable (“low SM background”). 

!   Unprecedented huge samples of D decays are necessary (much larger of 106 
events needed) in order to approach SM predictions. 
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Run I 
3 fb-1	


∼1 billion 
of untagged 

Charm Physics at LHCb: a new era 
!   All c species produced in pp collisions. In the 

acceptance pT<8GeV/c and  2.0<y<4.5: 

!   Produced ∼5x1012 D0 and ∼2x1012 D*+  mesons in 
3fb-1 of data at Linst = 4x1032 cm–2s–1. 

!   … and reconstructed for physics in RunI    
—  ∼1x109  D0→ K-π+ ,  
—  ∼0.1x109  D0→ K-π+ from D*+→ D0 π+ 

!   About a factor 20-30 lager than samples collected by 
the CDF experiment in 10 fb-1.  

!   Just the beginning of new era aiming at the full 
exploitation of the Large Hadron Collider. 

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 

N
ucl.Phys. B

871 (2013) 1-20 

LHCb Collaboration / Nuclear Physics B 871 (2013) 1–20

RAPID COMMUNICATION

9

Fig. 4. Differential cross-sections for (a) D0, (b) D+ , (c) D!+ , and (d) D+
s meson production compared to theoretical

predictions. The cross-sections for different y regions are shown as functions of pT. The y ranges are shown as separate
curves and associated sets of points scaled by factors 10"m , where the exponent m is shown on the plot with the y

range. The error bars associated with the data points show the sum in quadrature of the statistical and total systematic
uncertainty. The shaded regions show the range of theoretical uncertainties for the GMVFNS prediction.

overlapping contribution from f (c # D!+). No dedicated calculation for D+
s production is

available. The respective prediction was obtained by scaling the kinematically similar D!+ pre-
diction by the ratio f (c # D+

s )/f (c # D!+).
The GMVFNS calculations include theoretical predictions for all hadrons studied in our anal-

ysis. Results were provided for pT > 3 GeV/c. The uncertainties from scale variations were
determined only for the case of D0 production. The relative sizes of the uncertainties for the other
hadron species are assumed to be the same as those for the D0. Here the CTEQ 6.5 [28] set of par-
ton densities was used. Predictions for D0 mesons were also provided using the CTEQ 6.5c2 [29]
parton densities with intrinsic charm. As shown in Fig. 4(a), in the phase space region of the

D0 
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Table 2
Open charm production cross-sections in the kinematic range 0 < pT < 8 GeV/c and
2.0 < y < 4.5. The computation of the extrapolation factors is described in the text.
The first uncertainty is statistical, the second is systematic, and the third is the contri-
bution from the extrapolation factor.

Extrapolation factor Cross-section (µb)

D0 1.003 ± 0.001 1661±16 ± 128 ± 2
D+ 1.067 ± 0.013 645±11 ± 72 ± 8
D!+ 1.340 ± 0.037 677±26 ± 77 ± 19
D+

s 1.330 ± 0.056 197±14 ± 26 ± 8
!+

c 1.311 ± 0.077 233±26 ± 71 ± 14

Table 3
Correlation matrix of the uncertainties of the integrated open charm production cross-sections in the kinematic range
0 < pT < 8 GeV/c and 2.0 < y < 4.5. The first column restates measured values of the integrated cross-sections.

" (D0) " (D+) " (D!+) " (D+
s )

" (D0) = 1661 ± 129 µb
" (D+) = 645 ± 74 µb 0.76
" (D!+) = 677 ± 83 µb 0.77 0.73
" (D+

s ) = 197 ± 31 µb 0.55 0.52 0.53
" (!+

c ) = 233 ± 77 µb 0.26 0.25 0.25 0.18

Table 4
Cross-section ratios for open charm production in the kinematic range 0 < pT < 8 GeV/c and 2.0 < y < 4.5. The
numbers in the table are the ratios of the respective row/column.

" (D0) " (D+) " (D!+) " (D+
s )

" (D+) 0.389 ± 0.029
" (D!+) 0.407 ± 0.033 1.049 ± 0.092
" (D+

s ) 0.119 ± 0.016 0.305 ± 0.042 0.291 ± 0.041
" (!+

c ) 0.140 ± 0.045 0.361 ± 0.116 0.344 ± 0.111 1.183 ± 0.402

square of the four ratios is taken as a systematic uncertainty associated with the extrapolation.
We confirm that this procedure gives uncertainties of appropriate size by examining the variance
of the ratios for individual well measured bins. The resulting integrated cross-sections for each
hadron species are given in Table 2.

Accounting for the correlations among the sources of systematic uncertainty, we obtain the
correlation matrix for the total uncertainties of the integrated cross-section measurements shown
in Table 3. The ratios of the production cross-sections in the kinematic range 0 < pT < 8 GeV/c

and 2.0 < y < 4.5 are given in Table 4.
Finally, we determine the total charm cross-section contributing to charmed hadron produc-

tion inside the acceptance of this study, 0 < pT < 8 GeV/c and 2.0 < y < 4.5. Combining our
measurements " (Hc) with the corresponding fragmentation functions f (c " Hc) from Ref. [27]
gives five estimates of " (cc̄) = " (Hc)/(2f (c " Hc)). The factor of 2 appears in the denomi-
nator because we have defined " (Hc) to be the cross-section to produce either Hc or its charge
conjugate. A combination of all five measurements taking correlations into account gives
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Excellent trigger capabilities (Level-0 of custom electronics + HLT of commercial CPUs) to handle 11MHz of 
visible physics collisions.  Events written on tape extremely  fast at 2.5KHz, where typical event size is 
60-100KBytes in RunI. See talk from B. Sciascia on “Trigger performances in RunII”.   

∼(15+29/pΤ) µm IP resol. 
∼45fs decay time resol. 
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σp/p∼0.5-1%@5-200 GeV/c 

Tracking System 
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ΔΑCP(D0→h+h-) 
!   Effects of “direct” CP violation can be isolated by taking the 

difference between the time-integrated CP asymmetries in the K+K－ 
and π+π− modes: 

!   where a residual experiment-dependent contribution from indirect 
CP violation can be present, due to the fact that there may be a 
decay time dependent acceptance function that can be different for 
the K+K－ and π+π− channels. 

!   Well suited for LHCb because of cancellation of instrumental and 
production asymmetries. (See P. Marino’s poster for more details.) 

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 

Violation of charge-parity (CP ) symmetry in weak decays of hadrons is described in the

Standard Model (SM) by the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has been

observed in K- and B-meson systems [1–5]. However, no CP violation has been observed

in the charm sector, despite the experimental progress seen in charm physics in the last

decade. Examples are the unambiguous observation of D0
–D0

meson mixing [6–11], and

measurements of CP asymmetry observables in D mesons decays, reaching an experimental

precision of O(10
−3
) [12]. The amount of CP violation is expected to be below the percent

level [13–20], but large theoretical uncertainties due to long distance interactions prevent

precise SM calculations. Charm hadrons provide a unique opportunity to search for CP
violation with particles containing only up-type quarks.

This Letter presents a measurement of the difference between the time-integrated CP
asymmetries of D0 → K−K+

and D0 → π−π+
decays, performed with pp collision data

corresponding to an integrated luminosity of 3 fb
−1

collected using the LHCb detector at

centre-of-mass energies of 7 and 8TeV. The inclusion of charge-conjugate decay modes is

implied throughout except in the definition of asymmetries.

The time-dependent CP asymmetry, ACP (f ; t), for D0
mesons decaying to a CP

eigenstate f is defined as

ACP (f ; t) ≡
Γ(D0

(t) → f)− Γ(D0
(t) → f)

Γ(D0(t) → f) + Γ(D0(t) → f)
, (1)

where Γ denotes the decay rate. For f = K−K+
and f = π−π+

, ACP (f ; t) can be

expressed in terms of a direct component associated with CP violation in the decay

amplitudes, and an indirect component associated with CP violation in the mixing or

in the interference between mixing and decay. In the limit of exact symmetry under a

transformation interchanging d and s quarks (U-spin symmetry), the direct component is

expected to be equal in magnitude and opposite in sign for K−K+
and π−π+

decays [21].

However, large U-spin breaking effects could be present [13, 16, 22, 23].

The measured time-integrated asymmetry, ACP (f), depends upon the reconstruction

efficiency as a function of the decay time. It can be written as [24, 25]

ACP (f) ≈ adirCP (f)

�
1 +

�t(f)�
τ

yCP

�
+

�t(f)�
τ

aindCP , (2)

where �t(f)� denotes the mean decay time of D0 → f decays in the reconstructed sample,

adirCP (f) as the direct CP asymmetry, τ the D0
lifetime, aindCP the indirect CP asymmetry

and yCP is the deviation from unity of the ratio of the effective lifetimes of decays to

flavour specific and CP -even final states. To a good approximation, aindCP is independent of

the decay mode [21,26].

Neglecting terms of the order O(10
−6
), the difference in CP asymmetries between

D0 → K−K+
and D0 → π−π+

is

∆ACP ≡ ACP (K
−K+

)− ACP (π
−π+

)

≈ ∆adirCP

�
1 +

�t�
τ

yCP

�
+

∆�t�
τ

aindCP , (3)

1



D0 flavour tagging 
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D*+→ D0 π+  decay chain 
from charge of soft pion 

semi-leptonic B→D0µ-νµX  
from charge of muon 

p p 
D*+	


D0	


π+	


p p 
B	


B	


µ-	


D0	


νµ
	


X



Raw asymmetries (soft pion tag) 
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where �t� is the arithmetic average of �t(K−K+
)� and �t(π−π+

)�.
The most precise measurements of the time-integrated CP asymmetries in D0 → K−K+

and D0 → π−π+
decays to date have been performed by the LHCb [27, 28], CDF [29],

BaBar [30] and Belle [31] collaborations. The measurement in Ref. [28] uses D0
mesons

produced in semileptonic b-hadron decays, where the charge of the muon is used to identify

the flavour of the D0
meson at production, while the other measurements use D0

mesons

produced in the decay of the D∗
(2010)

+
meson, hereafter referred to as D∗+

.

The raw asymmetry, Araw(f), measured for D0
decays to a final state f is defined as

Araw(f) ≡
N (D∗+ → D0

(f)π+
s )−N

�
D∗− → D0

(f)π−
s

�

N (D∗+ → D0(f)π+
s ) +N

�
D∗− → D0(f)π−

s

� , (4)

where N is the number of reconstructed signal candidates of the given decay and the

flavour of the D0
meson is identified using the charge of the soft pion (π+

s ) in the strong

decay D∗+ → D0π+
s . The raw asymmetry can be written, up to O(10

−6
), as

Araw(f) ≈ ACP (f) + AD(f) + AD(π
+
s ) + AP(D

∗+
), (5)

where AD(f) and AD(π+
s ) are the asymmetries in the reconstruction efficiencies of the

D0
final state and of the soft pion, and AP(D∗+

) is the production asymmetry for D∗+

mesons, arising from the hadronisation of charm quarks in pp collisions. The magnitudes

of AP(D∗+
) [32] and AD(π+

s ) [33] are both about 1%. Equation 5 is only valid when

reconstruction efficiencies of the final state f and of the soft pion are independent. Since

both K−K+
and π−π+

final states are self-conjugate, AD(K−K+
) and AD(π−π+

) are

identically zero. To a good approximation AD(π+
s ) and AP(D∗+

) are independent of the

final state f in any given kinematic region, and thus cancel in the difference, giving

∆ACP = Araw(K
−K+

)− Araw(π
−π+

). (6)

However, to take into account an imperfect cancellation of detection and production

asymmetries due to the difference in the kinematic properties of the two decay modes, the

kinematic distributions of D∗+
mesons decaying to the K−K+

final state are reweighted

to match those of D∗+
mesons decaying to the π−π+

final state.

The LHCb detector [34, 35] is a single-arm forward spectrometer covering the

pseudorapidity range 2 < η < 5, designed for the study of particles containing b or

c quarks. The two ring-imaging Cherenkov detectors [36] provide particle identification

(PID) to distinguish kaons from pions for momenta ranging from a fewGeV/c to about

100GeV/c. The direction of the field polarity (up or down) of the LHCb dipole magnet is

reversed periodically, giving data samples of comparable size for both magnet polarities.

To select D∗+
candidates, events must satisfy hardware and software trigger require-

ments and a subsequent offline selection. The trigger consists of a hardware stage, based

on high transverse momentum signatures in the calorimeter and muon systems, followed

by a software stage, which applies a full event reconstruction. When the hardware trig-

ger decision was initiated by calorimeter deposits from D0
decay products, the event

2
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detection asymmetries in 
reconstructing the final 
Null for CP-eigenstates 
f=ππ,KK. 

D*+ production asymmetry, mainly 
arising from the hadronisation of 
charm quark in pp collisions.         
It cancels out in the difference.  

detection asymmetries 
in reconstructing the 
soft pion. It cancels out 
in the difference. 

Physics observable 

Violation of charge-parity (CP ) symmetry in weak decays of hadrons is described in the

Standard Model (SM) by the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has been

observed in K- and B-meson systems [1–5]. However, no CP violation has been observed

in the charm sector, despite the experimental progress seen in charm physics in the last

decade. Examples are the unambiguous observation of D0
–D0

meson mixing [6–11], and

measurements of CP asymmetry observables in D mesons decays, reaching an experimental

precision of O(10
−3
) [12]. The amount of CP violation is expected to be below the percent

level [13–20], but large theoretical uncertainties due to long distance interactions prevent

precise SM calculations. Charm hadrons provide a unique opportunity to search for CP
violation with particles containing only up-type quarks.

This Letter presents a measurement of the difference between the time-integrated CP
asymmetries of D0 → K−K+

and D0 → π−π+
decays, performed with pp collision data

corresponding to an integrated luminosity of 3 fb
−1

collected using the LHCb detector at

centre-of-mass energies of 7 and 8TeV. The inclusion of charge-conjugate decay modes is

implied throughout except in the definition of asymmetries.

The time-dependent CP asymmetry, ACP (f ; t), for D0
mesons decaying to a CP

eigenstate f is defined as

ACP (f ; t) ≡
Γ(D0

(t) → f)− Γ(D0
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Γ(D0(t) → f) + Γ(D0(t) → f)
, (1)

where Γ denotes the decay rate. For f = K−K+
and f = π−π+

, ACP (f ; t) can be

expressed in terms of a direct component associated with CP violation in the decay

amplitudes, and an indirect component associated with CP violation in the mixing or

in the interference between mixing and decay. In the limit of exact symmetry under a

transformation interchanging d and s quarks (U-spin symmetry), the direct component is

expected to be equal in magnitude and opposite in sign for K−K+
and π−π+

decays [21].

However, large U-spin breaking effects could be present [13, 16, 22, 23].

The measured time-integrated asymmetry, ACP (f), depends upon the reconstruction

efficiency as a function of the decay time. It can be written as [24, 25]

ACP (f) ≈ adirCP (f)

�
1 +

�t(f)�
τ

yCP

�
+

�t(f)�
τ

aindCP , (2)

where �t(f)� denotes the mean decay time of D0 → f decays in the reconstructed sample,

adirCP (f) as the direct CP asymmetry, τ the D0
lifetime, aindCP the indirect CP asymmetry

and yCP is the deviation from unity of the ratio of the effective lifetimes of decays to

flavour specific and CP -even final states. To a good approximation, aindCP is independent of

the decay mode [21,26].

Neglecting terms of the order O(10
−6
), the difference in CP asymmetries between

D0 → K−K+
and D0 → π−π+

is

∆ACP ≡ ACP (K
−K+

)− ACP (π
−π+

)

≈ ∆adirCP

�
1 +

�t�
τ

yCP

�
+

∆�t�
τ

aindCP , (3)

1

= 
To account for an imperfect cancellation of detection and production asymmetries due to the 
difference in the kinematic properties, distributions of D* decays of KK reweighted to those of ππ.    

∼1% 

Capitolo 1

Esercitazione 27 Aprile 2016

1.1 Trottola asimmetrica libera

Si consideri un corpo rigido libero i cui momenti di inerzia relativi agli assi principali son I1 <
I2 < I3.

(a) Qual è la condizione affinché il corpo rigido ruoti con velocità angolare costante?

(b) Si supponga che le componenti della velocità angolare �ω lungo gli assi principali di inerzia a
al tempo t = 0 siano �ω = (ω0

1 , 0,ω
0
3). Descrivere il moto del corpo rigido per ogni istante t al

primo ordine in ω0
1/ω

0
3 � 1.

(c) Cosa cambierebbe sel al tempo t = 0 fosse �ω = (ω0
1 ,ω

0
2 , 0) con la condizione ω0

1/ω
0
2 � 1?

Soluzione

Quesito (a):

aindCP = (+0.058± 0.044)%

∆adirCP = (−0.061± 0.076)%

aindCP = (+0.056± 0.040)%

∆adirCP = (−0.137± 0.070)%

Araw(f) =
N [D∗+ → D0(f)π+

s ]−N [D∗− → D̄0(f)π−
s ]

N [D∗+ → D0(f)π+
s ] +N [D∗− → D̄0(f)π−

s ]

Scriviamo le equazioni di Eulero per il moto di un corpo rigido libero (assenza di forze esterne
al sistema)

I1ω̇1 − (I2 − I3)ω2ω3 = 0

I2ω̇2 − (I3 − I1)ω3ω1 = 0

I3ω̇3 − (I1 − I2)ω1ω2 = 0.

5
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Figure 1: Fit to the δm spectra, where the D0 is reconstructed in the final state (left) K−K+

and (right) π−π+. The dashed line corresponds to the background component in the fit.

data and described by the sum of two Gaussian functions with a common mean, and a
Johnson SU function [39]. The background is described by an empirical function of the
form 1− exp [(δm− δm0)/α] + β(δm/δm0 − 1), where δm0 controls the threshold of the
function, and α and β describe its shape. The fits to the eight subsamples and between the
K−K+ and π−π+ final states are independent. Fits to the δm distributions corresponding
to the whole data sample are shown in Fig. 1.

The D∗+ signal yield is 7.7×106 for D0 → K−K+ decays, and 2.5×106 for D0 → π−π+

decays. The signal purity is (88.7± 0.1)% for D0 → K−K+ candidates, and (87.9± 0.1)%
for D0 → π−π+ candidates, in a range of δm corresponding to 4.0–7.5MeV/c2. The fits do
not distinguish between the signal and the backgrounds that peak in δm. Such backgrounds,
which can arise from D∗+ decays where the correct soft pion is found but the D0 meson is
misreconstructed, are suppressed by the PID requirements to less than 4% of the number
of signal events in the case of D0 → K−K+ decays and to a negligible level in the case
of D0 → π−π+ decays. Examples of such backgrounds are D∗+ → D0(K−π+π0) π+

s and
D∗+ → D0(π−e+νe) π+

s decays. The effect on ∆ACP of residual peaking backgrounds is
evaluated as a systematic uncertainty.

The value of ∆ACP is determined in each subsample (see Table 1 in Ref. [38]). Testing
the eight independent measurements for mutual consistency gives χ2/ndf = 6.2/7, corre-
sponding to a p-value of 0.52. The weighted average of the values corresponding to all
subsamples is calculated as ∆ACP = (−0.10± 0.08)%, where the uncertainty is statistical.

The central value is considerably closer to zero than ∆ACP = (−0.82±0.21)%, obtained
in our previous analysis where a data sample corresponding to an integrated luminosity
of 0.6 fb−1 was considered [27]. Several factors contribute to the change, including the
increased size of the data sample and changes in the detector calibration and reconstruction
software. To estimate the impact of processing data using different reconstruction software,
the data used in Ref. [27] is divided into three samples. The first (second) sample contains
events that are selected when using the old (new) version of the reconstruction software
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The value of ∆ACP is determined in each subsample (see Table 1 in Ref. [38]). Testing
the eight independent measurements for mutual consistency gives χ2/ndf = 6.2/7, corre-
sponding to a p-value of 0.52. The weighted average of the values corresponding to all
subsamples is calculated as ∆ACP = (−0.10± 0.08)%, where the uncertainty is statistical.

The central value is considerably closer to zero than ∆ACP = (−0.82±0.21)%, obtained
in our previous analysis where a data sample corresponding to an integrated luminosity
of 0.6 fb−1 was considered [27]. Several factors contribute to the change, including the
increased size of the data sample and changes in the detector calibration and reconstruction
software. To estimate the impact of processing data using different reconstruction software,
the data used in Ref. [27] is divided into three samples. The first (second) sample contains
events that are selected when using the old (new) version of the reconstruction software
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Analysis in a nutshell 
!   Selection: 

—  Rectangular cuts on momenta, lifetime and 
quality of decays products. 

—  Removal of kinematics regions of soft pion with 
large (up to 100%) instrumental raw 
asymmetries. 

—  Tight cuts on K and π PID variables to suppress 
mis-ID backgrounds. 

—  Cut on D0 mass to suppress multi-body decays. 
—  Cut on D0 IPχ2 (vertex compatibility) to 

suppress backgrounds from secondary decays. 

!   Simultaneous fit of δm = m(D*+) - m(D0)- mπ 
distributions for D*+ and D*- data samples. 

!   Extensive checks of result stability as a function 
of many variables: magnet polarity, beam 
energy, trigger categories, kinematic variables, 
PID requirements, etc… 

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 

arXiv:1602.03160, Accepted by PRL 

7.7x106  

2.5x106  

3fb-1	


3fb-1	


LHCb-PAPER-2015-055 



!   Final LHCb words with full Run I data. 
—  Compatible with null hypothesis with a statistical precision below 10-3 

(LHCb Run II is currently ongoing). 	


—  Systematic uncertainty already approaching 10-4 level. 

!   Fully compatible with the independent LHCb muon-tagged result         
[JHEP 07 (2014) 041]:    

!   Along with the LHCb AΓ measurement, the most precise 
measurements of CP Violation in the charm and beauty sector. 

ΔΑCP(D0→h+h-): result in 3fb-1	


Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 

Figure 2: Contour plot of ∆adirCP versus aindCP . The point at (0,0) denotes the hypothesis of no CP
violation. The solid bands represent the measurements in Refs. [28, 44, 45] and the one reported
in this Letter. The contour lines shows the 68%, 95% and 99% confidence-level intervals from
the combination.

and D0 →π−π+ decays is measured using pp collision data corresponding to an integrated
luminosity of 3.0 fb−1. The final result is

∆ACP = (−0.10± 0.08 (stat)± 0.03 (syst))%,

which supersedes the previous result obtained using the same decay channels based on
an integrated luminosity of 0.6 fb−1 [27]. This is the most precise measurement of a
time-integrated CP asymmetry in the charm sector from a single experiment.
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naive WA ignoring the indirect CPV contribution = -0.129 ± 0.072%

ΔACP  state-of-the-art 
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Naïve weighted average (neglecting indirect CPV contribution) gives                         
ΔACP= (-0.129 ± 0.072)% fully dominated by LHCb results. 

!   This supersedes previous published 
LHCb result on 0.6 fb-1                        

ΔACP = (-0.82 ±0.21)%                           
[PRL 108(2012), 111602].  

!   and preliminary result on 1fb-1    
ΔACP = (-0.34 ±0.18)%                
[LHCb-CONF-2013-003]. 

!   Factors contributing to the change 
—  larger data sample size 
—  improved detector calibration       

and reconstruction software.  



165 acceptance. About 70% of the selected candidates are
166 retained by these fiducial requirements.
167 The candidates satisfying the selection criteria are
168 accepted for further analysis if the mass difference
169 !m!m!h"h!""s # !m!h"h!# !m!""# for h $ K, " is
170 in the range 0.2 " 12.0 MeV=c2 and the invariant
171 mass of the D0 candidate is within 2 standard deviations
172 from the central value of the mass resolution model. The
173 standard deviation corresponds to about 8 MeV=c2 and
174 10 MeV=c2 for D0 ! K!K" and D0 ! "!"" decays,
175 respectively.
176 The data sample includes events with multiple D%"

177 candidates. The majority of these events contain the same
178 reconstructed D0 meson combined with different soft pion
179 candidates. The fraction of events with multiple candidates in
180 a range of !m corresponding to 4.0–7.5 MeV=c2 is about
181 1.2% for TOS events and 2.4% for nTOS events; these
182 fractions are the same for theK!K" and"!"" final states, and
183 for both magnet polarities. The events with multiple candi-
184 dates are retained and a systematic uncertainty is assessed.
185 Signal yields and Araw!K!K"# and Araw!"!""# are
186 obtained from minimum #2 fits to the binned !m distribu-
187 tions of the D0 ! K!K" and D0 ! "!"" samples. The
188 data samples are split into eight mutually exclusive sub-
189 samples separated by center-of-mass energy, magnet
190 polarity, and trigger category. The signal shape is studied
191 using simulated data and described by the sum of

192two Gaussian functions with a common mean, and a
193Johnson SU function [40]. The background is described
194by an empirical function of the form 1 ! exp &!!m!
195!m0#=$' " %!!m=!m0 ! 1#, where !m0 controls the
196threshold of the function, and $ and % describe its shape.
197The fits to the eight subsamples and between the K! K"

198and "! "" final states are independent. Fits to the !m
199distributions corresponding to the whole data sample are
200shown in Fig. 1.
201The D%" signal yield is 7.7 ! 106 for D0 ! K!K"

202decays, and 2.5 ! 106 for D0 ! "!"" decays. The signal
203purity is !88.7( 0.1#% for D0 ! K!K" candidates, and
204!87.9( 0.1#% for D0 ! "!"" candidates, in a range of
205!m corresponding to 4.0 " 7.5 MeV=c2. The fits do not
206distinguish between the signal and the backgrounds that
207peak in !m. Such backgrounds, which can arise from D%"

208decays where the correct soft pion is found but the D0

209meson is misreconstructed, are suppressed by the
210PID requirements to less than 4% of the number of
211signal events in the case of D0 ! K!K" decays
212and to a negligible level in the case of D0 ! "!""

213decays. Examples of such backgrounds are D%"!
214D0!K!"""0#""s and D%" ! D0!"!e"&e#""s decays. The
215effect on !ACP of residual peaking backgrounds is
216evaluated as a systematic uncertainty.
217The value of !ACP is determined in each subsample
218(see Table 1 in Ref. [39]). Testing the eight independent
219measurements for mutual consistency gives #2=ndf $
2206.2=7, corresponding to a p-value of 0.52. The weighted
221average of the values corresponding to all subsamples is
222calculated as !ACP $ !!0.10( 0.08#%, where the uncer-
223tainty is statistical.

F1:1 FIG. 1. Fit to the !m spectra, where the D0 is reconstructed in
F1:2 the final state (left) K!K" and (right) "!"". The dashed line
F1:3 corresponds to the background component in the fit.

F2:1FIG. 2. Contour plot of !adirCP versus aindCP. The point at (0,0)
F2:2denotes the hypothesis of no CP violation. The solid bands
F2:3represent the measurements in Refs. [28,45,46] and the one
F2:4reported in this Letter. The value of yCP is taken from Ref. [47].
F2:5The contour lines shows the 68%, 95%, and 99% confidence-
F2:6level intervals from the combination.

P HY S I CA L R EV I EW LE T T ER S

3

LHCb CPV searches in D0→h+h-	
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Violation of charge-parity (CP ) symmetry in weak decays of hadrons is described in the

Standard Model (SM) by the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has been

observed in K- and B-meson systems [1–5]. However, no CP violation has been observed

in the charm sector, despite the experimental progress seen in charm physics in the last

decade. Examples are the unambiguous observation of D0
–D0

meson mixing [6–11], and

measurements of CP asymmetry observables in D mesons decays, reaching an experimental

precision of O(10
−3
) [12]. The amount of CP violation is expected to be below the percent

level [13–20], but large theoretical uncertainties due to long distance interactions prevent

precise SM calculations. Charm hadrons provide a unique opportunity to search for CP
violation with particles containing only up-type quarks.

This Letter presents a measurement of the difference between the time-integrated CP
asymmetries of D0 → K−K+

and D0 → π−π+
decays, performed with pp collision data

corresponding to an integrated luminosity of 3 fb
−1

collected using the LHCb detector at

centre-of-mass energies of 7 and 8TeV. The inclusion of charge-conjugate decay modes is

implied throughout except in the definition of asymmetries.

The time-dependent CP asymmetry, ACP (f ; t), for D0
mesons decaying to a CP

eigenstate f is defined as

ACP (f ; t) ≡
Γ(D0

(t) → f)− Γ(D0
(t) → f)

Γ(D0(t) → f) + Γ(D0(t) → f)
, (1)

where Γ denotes the decay rate. For f = K−K+
and f = π−π+

, ACP (f ; t) can be

expressed in terms of a direct component associated with CP violation in the decay

amplitudes, and an indirect component associated with CP violation in the mixing or

in the interference between mixing and decay. In the limit of exact symmetry under a

transformation interchanging d and s quarks (U-spin symmetry), the direct component is

expected to be equal in magnitude and opposite in sign for K−K+
and π−π+

decays [21].

However, large U-spin breaking effects could be present [13, 16, 22, 23].

The measured time-integrated asymmetry, ACP (f), depends upon the reconstruction

efficiency as a function of the decay time. It can be written as [24, 25]

ACP (f) ≈ adirCP (f)

�
1 +

�t(f)�
τ

yCP

�
+

�t(f)�
τ

aindCP , (2)

where �t(f)� denotes the mean decay time of D0 → f decays in the reconstructed sample,

adirCP (f) as the direct CP asymmetry, τ the D0
lifetime, aindCP the indirect CP asymmetry

and yCP is the deviation from unity of the ratio of the effective lifetimes of decays to

flavour specific and CP -even final states. To a good approximation, aindCP is independent of

the decay mode [21,26].

Neglecting terms of the order O(10
−6
), the difference in CP asymmetries between

D0 → K−K+
and D0 → π−π+

is

∆ACP ≡ ACP (K
−K+

)− ACP (π
−π+

)

≈ ∆adirCP

�
1 +

�t�
τ

yCP

�
+

∆�t�
τ

aindCP , (3)
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Using only  experimental LHCb inputs for AΓ, yCP  
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contours at 68%, 95%, 99% CL  

No CP-Violation: p-value = 0.32 

 from arXiv:1602.03160 

HFAG (Winter-2016) averages 
including results from all experiments: 

compatible with no-CPV  at 6.5% CL. 

Average fully dominated by 
LHCb measurements. 

Capitolo 1

Esercitazione 27 Aprile 2016

1.1 Trottola asimmetrica libera

Si consideri un corpo rigido libero i cui momenti di inerzia relativi agli assi principali son I1 <
I2 < I3.

(a) Qual è la condizione affinché il corpo rigido ruoti con velocità angolare costante?

(b) Si supponga che le componenti della velocità angolare �ω lungo gli assi principali di inerzia a
al tempo t = 0 siano �ω = (ω0

1 , 0,ω
0
3). Descrivere il moto del corpo rigido per ogni istante t al

primo ordine in ω0
1/ω

0
3 � 1.

(c) Cosa cambierebbe sel al tempo t = 0 fosse �ω = (ω0
1 ,ω

0
2 , 0) con la condizione ω0

1/ω
0
2 � 1?

Soluzione

Quesito (a):

aindCP = (+0.058± 0.044)%

∆adirCP = (−0.061± 0.076)%

Scriviamo le equazioni di Eulero per il moto di un corpo rigido libero (assenza di forze esterne
al sistema)

I1ω̇1 − (I2 − I3)ω2ω3 = 0

I2ω̇2 − (I3 − I1)ω3ω1 = 0

I3ω̇3 − (I1 − I2)ω1ω2 = 0.

Affinchè il corpo rigido si muova con velocità angolare costante deve essere che

d�ω

dt
= 0 =⇒ ω̇1 = ω̇2 = ω̇3 = 0.

per cui le equazioni di Eulero diventano

ω2ω3 = 0

ω3ω1 = 0

ω1ω2 = 0.
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!   Fully inspired to the the two-body decays 
analysis [PRL 110 (2013),101802] 
—  D0 flavour tagged with D*+→ D0 π+  decay,  

—  Time dependence of  WS/RS(t) ratio.   

!   Analysis challenges: 
—  “higher” combinatorial and mis-

reconstructed background, 

—  contribution of secondary B-decays, 

—  trigger efficiency depends on its location 
in the 5-dim phase space of the decay.    

Observation of D0 mixing in multi-body decay  

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 
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Figure 1: Decay-time integrated ∆m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D∗+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4× 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the ∆m fitting procedure
is repeated in ten independent D0 decay-time bins. Parameters are allowed to dif-
fer between bins. The WS/RS ratio in each bin is calculated from the double ratio�

(NWSD0NWSD0)/(NRSD0NRSD0), where N denotes the signal yield estimated from the fit
for each of the four decay categories. Using the double ratio ensures that any D∗+/D∗−

production asymmetries or differences in πs
+/πs

− detection efficiency largely cancel.
Several sources of systematic effects are considered that could bias the measured

WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+π−π+π−), but signal-like shape in
∆m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [20]. The additive correction to the WS/RS
ratio is calculated as ∆ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ∼ 5.5% of the measured WS signal yield.

The decay D0 → K+π−K0
S , K

0
S → π+π− has the same final state as signal decays,

but a small selection efficiency due to the long flight distance of the K0
S . Unlike signal

decays, the RS and WS categories of this decay have comparable branching fractions [20].
Assuming that the fraction of D0 → K−π+K0

S decays in the RS sample is negligible, the
additive correction to the WS/RS ratio is calculated as, ∆K0

S
= NK0

S
/NRS, where NK0

S
is

the number of D0 → K+π−K0
S decays in the WS sample. From a fit to both combinations

of m(π+π−), an estimate of NK0
S
= 590 ± 100 is obtained, constituting ∼ 1.4% of the
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for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D∗+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4× 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the ∆m fitting procedure
is repeated in ten independent D0 decay-time bins. Parameters are allowed to dif-
fer between bins. The WS/RS ratio in each bin is calculated from the double ratio�

(NWSD0NWSD0)/(NRSD0NRSD0), where N denotes the signal yield estimated from the fit
for each of the four decay categories. Using the double ratio ensures that any D∗+/D∗−

production asymmetries or differences in πs
+/πs

− detection efficiency largely cancel.
Several sources of systematic effects are considered that could bias the measured

WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+π−π+π−), but signal-like shape in
∆m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [20]. The additive correction to the WS/RS
ratio is calculated as ∆ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ∼ 5.5% of the measured WS signal yield.

The decay D0 → K+π−K0
S , K

0
S → π+π− has the same final state as signal decays,

but a small selection efficiency due to the long flight distance of the K0
S . Unlike signal

decays, the RS and WS categories of this decay have comparable branching fractions [20].
Assuming that the fraction of D0 → K−π+K0

S decays in the RS sample is negligible, the
additive correction to the WS/RS ratio is calculated as, ∆K0

S
= NK0

S
/NRS, where NK0

S
is

the number of D0 → K+π−K0
S decays in the WS sample. From a fit to both combinations

of m(π+π−), an estimate of NK0
S
= 590 ± 100 is obtained, constituting ∼ 1.4% of the
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Figure 2: Decay-time evolution of the background-subtracted and efficiency corrected WS/RS
ratio (points) with the results of the unconstrained (solid line) and no-mixing (dashed line) fits
superimposed. The bin centres are set to the decay-time where R(t) is equal to the bin integrated
ratio R̃.

Table 1: Results of the decay-time dependent fits to the WS/RS ratio for the unconstrained and
mixing-constrained fit configurations. The results include all systematic uncertainties.

Fit Type Parameter Fit result Correlation coefficient

χ2
/ndf (p-value) rK3π

D RK3π
D · y�K3π

1
4(x

2
+ y2)

Unconstrained rK3π
D (5.67± 0.12)× 10

−2
1 0.91 0.80

7.8/7 (0.35) RK3π
D · y�K3π (0.3± 1.8) × 10

−3
1 0.94

1
4(x

2
+ y2) (4.8± 1.8) × 10

−5
1

rK3π
D RK3π

D · y�K3π x y

Mixing-constrained rK3π
D (5.50± 0.07)× 10

−2
1 0.83 0.17 0.10

11.2/8 (0.19) RK3π
D · y�K3π (−3.0± 0.7) × 10

−3
1 0.34 0.20

x (4.1± 1.7) × 10
−3

1 -0.40

y (6.7± 0.8) × 10
−3

1

consistent with the existing measurement from Belle [24], and has smaller uncertainties.

Using the RS branching fraction, B(D0→ K−π+π−π+
) = (8.07±0.23)×10

−2
[20], the WS

branching fraction, B(D0→ K+π−π+π−
), is determined to be (2.66± 0.06± 0.08)× 10

−4

using the unconstrained result, and (2.60±0.04±0.07)×10
−4

using the mixing-constrained

result. Here the first uncertainty is propagated from RK3π
WS and includes systematic effects,

and the second is from the knowledge of B(D0→ K−π+π−π+
).

In conclusion, the decay-time dependence of the ratio of D0→ K+π−π+π−
to D0→

K−π+π−π+
decay rates is observed, and the no-mixing hypothesis is excluded at a
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D0 mixing with D0→K+π-π+π-

• Full Run I data sample (3/fb)

• Challenges:

! Five-dimensional phase space parametrisation.

! Higher combinatorial background.

P. Marino (SNS & INFN-Pi)
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RD e−iδ = 〈cosδ〉+ i 〈sinδ〉
y � = y cosδ−x sinδ

[arXiv:1602.07224]

rD = phase space average DCS/CF ratio amplitudes

DCS

D0

D
0

D0 K −π+π−π+
CF

R(t) =

DCS

CF

D0

D
0

D0 K +π−π−π+

≈ r 2
D − rD RD y � t

τ
+ x2 + y2

4

� t
τ

�2

Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,

beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations

have been made in the decay mode D0 → K+π−
[1–3].

1
This Letter reports the first

observation in a different decay channel, D0 → K+π−π+π−
. The analysis makes novel use

of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity

(CP ) violating parameter γ.
In the Standard Model of particle physics, transitions between different quark flavours

are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in

flavour physics is to overconstrain the CKM matrix to check for internal consistency.

The phase γ, related to b → u transitions, is of particular interest. It has a relatively

large experimental uncertainty, and can be measured, with negligible uncertainty from

theory input, in the decay B+→ DK+
(and others) where D represents a superposition

of D0
and D0

states [4–9]. Sensitivity to γ arises when the final state, f , of the D decay

is accessible from both D0
and D0

, allowing the necessary interference of B+→ D0K+

and B+→ D0K+
amplitudes. In order to constrain γ using these decay modes, external

input is required to describe both the interference and relative magnitude of D0→ f and

D0 → f amplitudes. Previously, such input was thought to be accessible only at e+e−

colliders operating at the charm threshold, where correlated DD pairs provide well-defined

superpositions of D0
and D0

states. Recent studies [10, 11] have shown that this input

can also be obtained from a time-dependent measurement of D0
–D0

oscillations. This is

the approach followed here.

An observation of D0
–D0

oscillations is made by measuring the time-dependent ratio

of D0 → K+π−π+π−
to D0 → K−π+π−π+

decay rates. The flavour of the D meson at

production is determined using the decays D∗
(2010)

+→ D0π+
s and D∗

(2010)
−→ D0π−

s ,

where the charge of the soft (low-momentum) pion, πs, tags the flavour of the meson.

The wrong-sign (WS) decay D0→ K+π−π+π−
has two dominant contributions: a doubly

Cabibbo-suppressed (DCS) amplitude, and a D0
–D0

oscillation followed by a Cabibbo-

favoured (CF) amplitude. The right-sign (RS) decay D0→ K−π+π−π+
is dominated by

the CF amplitude, and has negligible contributions of O(10
−4
) from D0

–D0
oscillations.

Ignoring CP violation, to second order in t/τ , the time-dependence of the phase-space

integrated decay rate ratio R(t) is approximated by

R(t) ≈
�
rK3π
D

�2 − rK3π
D RK3π

D · y�K3π

t

τ
+

x2
+ y2

4

�
t

τ

�2

, (1)

where t is the proper decay-time of the D0
meson (measured with respect to production), τ

is the D0
lifetime, and rK3π

D gives the phase space averaged ratio of DCS to CF amplitudes.

The dimensionless parameters x and y describe mixing in the D0
meson system, with x

proportional to the mass difference of the two mass eigenstates, and y proportional to

the width difference [12]. Here, y�K3π is defined by y�K3π ≡ y cos δK3π
D − x sin δK3π

D , where

δK3π
D is the average strong phase difference; this and the coherence factor, RK3π

D , are

defined by RK3π
D e−iδK3π

D ≡ �cos δ� + i�sin δ�, where �cos δ� and �sin δ� are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.
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Figure 2: Decay-time evolution of the background-subtracted and efficiency corrected WS/RS
ratio (points) with the results of the unconstrained (solid line) and no-mixing (dashed line) fits
superimposed. The bin centres are set to the decay-time where R(t) is equal to the bin integrated
ratio R̃.

Table 1: Results of the decay-time dependent fits to the WS/RS ratio for the unconstrained and
mixing-constrained fit configurations. The results include all systematic uncertainties.

Fit Type Parameter Fit result Correlation coefficient

χ2
/ndf (p-value) rK3π

D RK3π
D · y�K3π

1
4(x

2
+ y2)

Unconstrained rK3π
D (5.67± 0.12)× 10

−2
1 0.91 0.80

7.8/7 (0.35) RK3π
D · y�K3π (0.3± 1.8) × 10

−3
1 0.94

1
4(x

2
+ y2) (4.8± 1.8) × 10

−5
1

rK3π
D RK3π

D · y�K3π x y

Mixing-constrained rK3π
D (5.50± 0.07)× 10

−2
1 0.83 0.17 0.10

11.2/8 (0.19) RK3π
D · y�K3π (−3.0± 0.7) × 10

−3
1 0.34 0.20

x (4.1± 1.7) × 10
−3

1 -0.40

y (6.7± 0.8) × 10
−3

1

consistent with the existing measurement from Belle [24], and has smaller uncertainties.

Using the RS branching fraction, B(D0→ K−π+π−π+
) = (8.07±0.23)×10

−2
[20], the WS

branching fraction, B(D0→ K+π−π+π−
), is determined to be (2.66± 0.06± 0.08)× 10

−4

using the unconstrained result, and (2.60±0.04±0.07)×10
−4

using the mixing-constrained

result. Here the first uncertainty is propagated from RK3π
WS and includes systematic effects,

and the second is from the knowledge of B(D0→ K−π+π−π+
).

In conclusion, the decay-time dependence of the ratio of D0→ K+π−π+π−
to D0→

K−π+π−π+
decay rates is observed, and the no-mixing hypothesis is excluded at a

6

No mixing hypothesis rejected at 8.2σ.    
First time for a multi-body decays.    

Uncertainty on RDy’ reduces by 9% when 
systematics on WS/RS ratio is set to zero. 

WS 

RS 

Constraint on RD
K3π y’ DK3π  is an essential 

ingredient  for γ  mesurement in                              
B+  → D0K+ → [K-π+π-π+ ]K+. 
 



Rare charm decays 

!   Flavor Changing Neutral Currents (FCNCs) 
are processes that change the flavor of a 
fermion current without altering its charge. 
—  may occur in the SM beyond the tree level, 

but they are highly suppressed (GIM mec.), 

—  NP could significantly enhance FCNC. 

!   Lepton flavour violating are forbidden  
within the SM 
—  probe potential contributions from new 

processes and particle at mass scales  beyond 
the reach of the direct searches. 

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 

First observation of  D0→K-π+µ-µ+ 
[arXiv:1510.08367, submitted to PLB] 
Search for the decay D0 →π-π+µ-µ+  	
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A search for the lepton-flavour violating decay D0 ! e±µ" is made with a dataset corresponding to an 
integrated luminosity of 3.0 fb#1 of proton–proton collisions at centre-of-mass energies of 7 TeV and 
8 TeV, collected by the LHCb experiment. Candidate D0 mesons are selected using the decay D$+ !
D0!+ and the D0 ! e±µ" branching fraction is measured using the decay mode D0 ! K#!+ as a 
normalization channel. No significant excess of D0 ! e±µ" candidates over the expected background is 
seen, and a limit is set on the branching fraction, B(D0 ! e±µ") < 1.3 % 10#8, at 90% confidence level. 
This is an order of magnitude lower than the previous limit and it further constrains the parameter space 
in some leptoquark models and in supersymmetric models with R-parity violation.
! 2016 CERN for the benefit of the LHCb Collaboration. Published by Elsevier B.V. This is an open access 

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Searches for decays that are forbidden in the Standard Model 
(SM) probe potential contributions from new processes and parti-
cles at mass scales beyond the reach of direct searches. The decay 
D0 ! e±µ" is an example of a forbidden decay, in which lepton 
flavour is not conserved.1 The contributions to this process from 
neutrino oscillations would give a rate that is well below the reach 
of any currently feasible experiment. However, the decay is pre-
dicted to occur in several other models that extend the SM, with 
rates varying by up to eight orders of magnitude.

In Ref. [1] three extensions to the SM are considered: in a min-
imal supersymmetric (SUSY) SM with R-parity violation (RPV) the 
branching fraction B(D0 ! e±µ") could be as large as O(10#6); 
in a theory with multiple Higgs doublets it would be less than 
about 7 % 10#10; and in the SM extended with extra fermions 
the branching fraction would be less than O(10#14). In Ref. [2]
an RPV SUSY model is considered in which limits on products of 
couplings are obtained from the experimental upper limit on the 
branching fraction B(D+

s ! K+e±µ"); from these limits, B(D0 !
e±µ") could be as large as 3 % 10#8. A similar study of con-
straints on coupling constants in RPV SUSY [3], obtained from 
limits on the branching fraction B(D+ ! !+e±µ"), showed that 
B(D0 ! e±µ") could reach 10#7. LHCb has previously set lim-
its [4] on branching fractions for the B meson decays B0 ! e±µ"

and B0
s ! e±µ" , using them to put lower limits on the masses of 

Pati–Salam leptoquarks [5]. As shown in Ref. [6], lepton-flavour vi-
olating charm decays are relatively insensitive to the presence of 
such leptoquarks. However, in a recent paper [7] it is shown that 

1 The inclusion of charge-conjugate processes is implied.

in other leptoquark scenarios B(D0 ! e±µ") could be as large as 
4 % 10#8.

The first experimental limit on B(D0 ! e±µ") was from 
Mark II [8], and more recent results have come from E791 [9]
and BaBar [10]. The most stringent limit is from Belle [11], 
B(D0 ! e±µ") < 2.6 % 10#7 at 90% confidence level (CL). An im-
proved limit, below O(10#7), would provide tighter constraints on 
coupling constants in RPV SUSY models [1–3], while a limit be-
low 4 % 10#8 would also constrain the parameter space in some 
leptoquark models [7].

This Letter presents a search for the decay D0 ! e±µ" us-
ing pp collision data corresponding to integrated luminosities of 
1.0 fb#1 at a centre-of-mass energy of 7 TeV and 2.0 fb#1 at 
8 TeV, collected by the LHCb experiment in 2011 and 2012, re-
spectively. In the analysis, signal candidates are selected using the 
decay D$+ ! D0!+ and the measurements are normalized us-
ing the well-measured channel D0 ! K#!+ , which has the same 
topology as the signal. A multivariate analysis based on a boosted 
decision tree algorithm (BDT) is used to help separate signal and 
background. The mass spectrum in the signal region, defined as 
1815–1915 MeV/c2, is not examined until all analysis choices are 
finalized.

2. Detector and simulation

The LHCb detector [12,13] is a single-arm forward spectrome-
ter covering the pseudorapidity range 2 < " < 5, designed for the 
study of particles containing b or c quarks. The detector includes 
a high-precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-area 
silicon-strip detector located upstream of a dipole magnet with a 
bending power of about 4 Tm, and three stations of silicon-strip 

http://dx.doi.org/10.1016/j.physletb.2016.01.029
0370-2693/! 2016 CERN for the benefit of the LHCb Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.



First observation of D0→K-π+µ-µ+  

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 

!   Short-distance contribution of the inclusive 
D→Xµ+µ- ∼Ο(10-9) [PRD83,(2011)114006] 

!   However with “long-distance” contribution 
trough tree diagrams involving vector 
resonances such as X=φ,ρ0,ω BR∼Ο(10-6) 
[PRD83,(2011)114006,PRD76(2007), 
074010;JHEP 04(2013)135] 

!   In the region 675 <m(µ+µ-)< 875 MeV/c2. 

!   D0→K-π+π-π+ as normalization. BR from 
CLEO experiment [PRD89(2014),072002] 
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Figure 1: Mass distributions of (a) D0 → K−π+π+π− and (b) D0 → K−π+µ+µ− candidates.
The data are shown as points (black) and the total PDF (blue solid line) is overlaid. In (a),
the two corresponding components of the fit model are the D0 → K−π+π+π− decays (red
solid line) and the non-peaking background (violet dashed line). In (b), the components are
the D0→ K−π+µ+µ− (long-dashed green line), the peaking background due to misidentified
D0→ K−π+π+π− decays (red solid line), and the non-peaking background (violet dashed line).

6B(D0→ K−π+µ+µ−
) = (4.17± 0.12 (stat)± 0.40 (syst))× 10

−6.

D0→K-π+µ-µ+  

D0→K-π+π-π+  
Signal∼2350  

8TeV 
2fb-1	


Lower than one order of magnitude of previous most stringent upper limit from B-Factories. 
Compatible with SM expectation of 6.7x10-6 [JHEP 04(2013)135] in the full dimuon mass range. 

arXiv:1510.08367, submitted to PLB 

arXiv:1510.08367, submitted to PLB 



Search for LFV D0→eµ 

!   Forbidden in the SM.  
—  however it is predicted to occur 

in several SM extensions, with 
rates varying by up to eight order 
of magnitudes [10-6 - 10-14]. 

!   Most stringent limit from Belle 
BR<2.6x10-6 at 90%CL. 

!   D0→K-π+ as normalization  

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 

LHCb Collaboration / Physics Letters B 754 (2016) 167–175 171

variables match the data. To estimate systematic uncertainties from 
this procedure, different binning schemes are used and the re-
sulting changes in the e!ciency values are treated as system-
atic uncertainties. Overall systematic uncertainties are 6% on the 
D0 ! e±µ" selection e!ciency and 30% on the D0 ! !+!#

misidentification probability.
To study systematic effects in the fit to the normalization chan-

nel, the order of the background polynomial is increased, the num-
ber of bins changed, fixed parameters are varied and the Gaussian 
mean values in the "m fits are constrained to be equal. From 
these studies a contribution of 1% is assigned to the systematic 
uncertainty on the yield. Similar procedures as described above for 
the signal channel are also used to evaluate the other systematic 
uncertainties for the D0 ! K#!+ normalization channel. The re-
sulting overall systematic uncertainty in the measured number of 
D0 ! K#!+ decays is 5%.

7. Results and conclusions

The measured branching fraction for the signal channel is given 
by

B(D0 ! e±µ") = Neµ/#eµ
NK!/#K!

$ B(D0 ! K#!+), (2)

where Neµ and NK! are the fitted numbers of D0 ! e±µ" and 
D0 ! K#!+ decays, the corresponding # are the overall e!cien-
cies, and the branching fraction for the normalization channel, 
B(D0 ! K#!+) = (3.88 ± 0.05)%, is taken from Ref. [28]. The e!-
ciencies #eµ = (4.4 ±0.3) $10#4 and #K! = (2.5 ±0.1) $10#6, for 
the signal and normalization channels, are the products of the re-
construction e!ciencies for the final-state particles, including the 
geometric detector acceptance, the selection e!ciencies, and the 
trigger e!ciencies (including the 1% scaling in the trigger for the 
D0 ! K#!+ channel).

No evidence is seen for a D0 ! e±µ" signal in the overall mass 
spectrum, nor in any individual bin of BDT output, and the mea-
sured branching fraction is B(D0 ! e±µ") = (#0.6 ± 1.2) $ 10#8, 
where the uncertainty accounts for both statistical and system-
atic effects. An upper limit on the branching fraction is obtained 
using the CLS method [29], where the p-value for the signal-plus-
background hypothesis is compared to that for the background-
only hypothesis. The expected and observed CLS values as func-
tions of the assumed branching fraction are shown in Fig. 4, where 
the expected CLS values are obtained using an Asimov dataset [30]
as described in Ref. [31], and are the median expected limits under 
the assumption of no signal. Expected limits based on pseudo-
experiments give consistent results. There is excellent correspon-
dence between the expected and observed CLS values, and an 
upper limit is set on the branching fraction, B(D0 ! e±µ") <
1.3 $ 10#8 at 90% CL (and < 1.6 $ 10#8 at 95% CL). This limit will 
help to further constrain products of couplings in supersymmetric 
models that incorporate R-parity violation [1–3] and constrains the 
parameter space in some leptoquark scenarios [7].

In summary, a search for the lepton-flavour violating decay 
D0 ! e±µ" is performed on a data sample corresponding to an 
integrated luminosity of 3.0 fb#1 collected in pp collisions at 
centre-of-mass energies of 7 and 8 TeV. The data are consistent 
with the background-only hypothesis, and a limit is set on the 
branching fraction, B(D0 ! e±µ") < 1.3 $ 10#8 at 90% CL, which 
is an order of magnitude lower than the previous limit.
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the expected CLS values are obtained using an Asimov dataset [30]
as described in Ref. [31], and are the median expected limits under 
the assumption of no signal. Expected limits based on pseudo-
experiments give consistent results. There is excellent correspon-
dence between the expected and observed CLS values, and an 
upper limit is set on the branching fraction, B(D0 ! e±µ") <
1.3 $ 10#8 at 90% CL (and < 1.6 $ 10#8 at 95% CL). This limit will 
help to further constrain products of couplings in supersymmetric 
models that incorporate R-parity violation [1–3] and constrains the 
parameter space in some leptoquark scenarios [7].

In summary, a search for the lepton-flavour violating decay 
D0 ! e±µ" is performed on a data sample corresponding to an 
integrated luminosity of 3.0 fb#1 collected in pp collisions at 
centre-of-mass energies of 7 and 8 TeV. The data are consistent 
with the background-only hypothesis, and a limit is set on the 
branching fraction, B(D0 ! e±µ") < 1.3 $ 10#8 at 90% CL, which 
is an order of magnitude lower than the previous limit.
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sured branching fraction is B(D0 ! e±µ") = (#0.6 ± 1.2) $ 10#8, 
where the uncertainty accounts for both statistical and system-
atic effects. An upper limit on the branching fraction is obtained 
using the CLS method [29], where the p-value for the signal-plus-
background hypothesis is compared to that for the background-
only hypothesis. The expected and observed CLS values as func-
tions of the assumed branching fraction are shown in Fig. 4, where 
the expected CLS values are obtained using an Asimov dataset [30]
as described in Ref. [31], and are the median expected limits under 
the assumption of no signal. Expected limits based on pseudo-
experiments give consistent results. There is excellent correspon-
dence between the expected and observed CLS values, and an 
upper limit is set on the branching fraction, B(D0 ! e±µ") <
1.3 $ 10#8 at 90% CL (and < 1.6 $ 10#8 at 95% CL). This limit will 
help to further constrain products of couplings in supersymmetric 
models that incorporate R-parity violation [1–3] and constrains the 
parameter space in some leptoquark scenarios [7].

In summary, a search for the lepton-flavour violating decay 
D0 ! e±µ" is performed on a data sample corresponding to an 
integrated luminosity of 3.0 fb#1 collected in pp collisions at 
centre-of-mass energies of 7 and 8 TeV. The data are consistent 
with the background-only hypothesis, and a limit is set on the 
branching fraction, B(D0 ! e±µ") < 1.3 $ 10#8 at 90% CL, which 
is an order of magnitude lower than the previous limit.
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Conclusions 

!   LHC is a super-duper charm-factory, and LHCb is doing an 
excellent job collecting the largest ever data samples.  

!   In Run I (especially for two-body golden modes) : 
—  Achieved statistical precision below 10-3, and systematics already 

close to the impressive value of 10-4. 

—  No hints of CP-violation (or anomalies) have been found so far, 
however LHCb has just started to approach SM expectations. 

—  Limits on rare decays improved by orders of magnitude. 

! LHCb Run II is currently ongoing with an “improved” trigger 
system and the size of our data samples are expected to increase 
much more than proportionally to the integrated luminosity. 

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 



Conclusions (cont’d) 

!   Probing today the charm sector at unprecedented level of 
precision (up to and beyond 10-4) is extremely important not 
only by itselfs, but also because  

!   it provides us the concrete feeling that systematic walls are still 
far and “very precise” beauty (and charm) physics can be done 
at future HL-LHC experiments. Please take a look at  
—  G. Simi’s talk: LHCb-Upgrade 

—  F. Teubert’s talk: Beyond LHCb upgrade: long term plans. 

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 

Thanks 



Backup 

Michael J. Morello – Beauty 2016, Marseille (France), May 1-6 



And many many other measurements… 

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_Charm.html 

……………………………………………………………………………… 
……………………………………………………………………………… 



AΓ :indirect CPV in D0→h+h-	


Time-dependent CP asymmetry: 

AΓ  measures CPV in the mixing (Am) 
and in the decay (Ad): PRD90 (2014) 111103!

PRL 112 (2014) 041801!

arXiv:1212.3478  

PRD87 (2013) 012004!

(D*-tag 1fb-1)	
 PRL 112 (2014) 041801!

(muon-tag 3fb-1)	


World best measurement from LHCb D*-tagged using 1fb-1 of integrated luminosity. 
Measurement on full RunI data sample (3fb-1) expected to be released soon. 

JHEP 1504 (2015) 043!
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